Hindbrain injection of a melanocortin-3/4 receptor agonist, MTII, reduces food intake primarily by reducing meal size. Our previously reported results indicate that N-methyl-D-aspartate-type glutamate receptors (NMDAR) in the nucleus of the solitary tract (NTS) play an important role in the control of meal size and food intake. Therefore, we hypothesized that activation of NTS NMDARs contribute to reduction of food intake in response to fourth ventricle or NTS injection of MTII. We found that coinjection of a competitive NMDAR antagonist (D-CPP-ene) with MTII into the fourth ventricle or directly into the NTS of adult male rats attenuated MTII-induced reduction of food intake. Hindbrain NMDAR antagonism also attenuated MTII-induced ERK1/2 phosphorylation in NTS neurons and prevented synapsin I phosphorylation in central vagal afferent endings, both of which are cellular mechanisms previously shown to participate in hindbrain melanocortinergic reduction of food intake. Together, our results indicate that NMDAR activation significantly contributes to reduction of food intake following hindbrain melanocortin receptor activation, and it participates in melanocortinergic signaling in NTS neural circuits that mediate reduction of food intake. satiation; nucleus of the solitary tract; proopiomelanocortin; vagus GASTROINTESTINAL SIGNALS ACTIVATE vagal afferent fibers that synapse in the dorsal vagal complex (DVC) of the caudal hindbrain, where they participate in the process of satiation and termination of food intake. Whereas gastrointestinal satiation signals convey information related to an ongoing meal (45), other nongastrointestinal signals reflect energy utilization or storage, and control food intake, in part, by modulating vagally mediated satiation signals over multiple meals (25) . For example, a subpopulation of hypothalamic melanocortinergic neurons project to the nucleus of the solitary tract (NTS) and dorsal motor nucleus of the vagus (DMV) (41, 64, 65) , where melanocortin-4 receptors (MC4R) are expressed (36, 57). In addition, the NTS itself harbors a small population of POMC neurons that also may innervate neurons in the NTS and DMV (41). Therefore, melanocortinergic endings are appropriately positioned to influence neural circuits involved in satiation.
GASTROINTESTINAL SIGNALS ACTIVATE vagal afferent fibers that synapse in the dorsal vagal complex (DVC) of the caudal hindbrain, where they participate in the process of satiation and termination of food intake. Whereas gastrointestinal satiation signals convey information related to an ongoing meal (45) , other nongastrointestinal signals reflect energy utilization or storage, and control food intake, in part, by modulating vagally mediated satiation signals over multiple meals (25) . For example, a subpopulation of hypothalamic melanocortinergic neurons project to the nucleus of the solitary tract (NTS) and dorsal motor nucleus of the vagus (DMV) (41, 64, 65) , where melanocortin-4 receptors (MC4R) are expressed (36, 57) . In addition, the NTS itself harbors a small population of POMC neurons that also may innervate neurons in the NTS and DMV (41) . Therefore, melanocortinergic endings are appropriately positioned to influence neural circuits involved in satiation.
Consistent with melanocortinergic modulation of satiation signals in the NTS, hindbrain injection of an MC3/4R agonist reduces 24-h food intake by reducing meal size (26, 60, 64) . Conversely, hindbrain injection of an MC3/4R antagonist increases food intake by increasing meal size (26, 52, 64) . Hindbrain MC4R activation also has been shown to participate in reduction of food intake by CCK, the archetypal gut satiation peptide (22, 52) . Finally, reduction of meal size and 48-h food intake following leptin-induced activation of melanocortinergic neurons in the hypothalamic arcuate nucleus is significantly attenuated by NTS injection of an MC4R antagonist (65) . These observations suggest that hindbrain melanocortin signaling plays an important role in modulating the process of satiation.
Reduction of food intake by hindbrain MTII injection is associated with distinct signaling mechanisms in vagal afferent endings and in NTS neurons. Fourth ventricle injection of MTII increases NTS ERK1/2 phosphorylation, and inhibition of ERK1/2 phosphorylation attenuates MTII-induced reduction of food intake (7, 52) . Moreover, hindbrain MTII injection increases PKA-mediated synapsin I phosphorylation in vagal afferent endings (11) . Phosphorylation of synapsin I is known to increase synaptic vesicle trafficking to the readily releasable pool, thereby increasing synaptic strength (for review, see Ref. 15) . Consistent with these observations, we have found that inhibition of PKA activity in the NTS attenuates reduction of food intake by MTII and prevents MTII-induced synapsin phosphorylation in vagal afferent endings (11) . Our results, and those of others, suggest that NTS neuronal ERK1/2 phosphorylation and PKA-mediated synapsin phosphorylation in vagal afferent endings are downstream of MC4R activation and participate in MTII-induced reduction of food intake.
The primary excitatory neurotransmitter in the DVC is glutamate, which is released by vagal afferent endings (2) , NTS neurons (20) , glial cells (29) , and potentially by afferent inputs from other brain areas (43, 48, 65) . Consistent with glutamate's role in vagal afferent transmission and control of meal size, antagonists of N-methyl-D-aspartate-type glutamate receptors (NMDAR) administered into the hindbrain increase food intake by delaying satiation (32, 55) and prevent reduction of food intake by CCK (14, 27, 61) . Therefore, we hypothesized that reduction of food intake by hindbrain MC3/4R agonist injection requires NMDAR activation. Because ERK1/2 phosphorylation and synapsin I phosphorylation are coupled to calcium channel activation (15, 54) , including NMDAR channel activation (8, 16, 33) , we further postulated that NMDAR antagonism would attenuate MTII-induced ERK1/2 and synapsin 1 phosphorylation in the NTS.
MATERIALS AND METHODS

Animals and housing.
Male adult Sprague-Dawley rats (280 -300 g; Simonsen Laboratories, Gilroy, CA) were individually housed in suspended wire mesh cages in a vivarium with a 12:12-h light-dark cycle and controlled temperature and humidity. Rats had ad libitum access to water and pelleted rodent diet (Teklad, Kent, WA), except during overnight fasts and food intake experiments, as described below. All animal housing and experiments reported here were conducted in compliance with the National Institutes of Health's Guide for the Care and Use of Laboratory Animals under a protocol approved by the Washington State University Institutional Animal Care and Use Committee.
Surgical procedures. Rats were fasted overnight and anesthetized with a ketamine (50 mg/kg), xylazine (25 mg/kg), and acepromazine (2 mg/kg) mixture for all surgical procedures. For cannula implantations, rats were placed in a stereotaxic instrument and implanted with 26-gauge stainless-steel (McMaster-Carr, Santa Fe Springs, CA) guide cannulas aimed for the fourth ventricle (2.0 mm anterior to occipital suture, on midline, 6.6 mm ventral from dura) or NTS (0.1 mm anterior to occipital suture, Ϫ0.8 mm lateral to midline, and 7.8 mm ventral from skull).
For unilateral nodose ganglion removal, the cervical vagus nerve was exposed on one side via a midline cervical incision and blunt dissection. The vagus was severed just distal to the nodose, allowing retraction of the ganglion to visualize and section the vagus proximal to the nodose, removing the entire ganglion. After suturing the cervical incision, rats were implanted with a cannula aimed for the fourth ventricle, as described above. All rats were allowed at least 4 wk of recovery time and exceeded their presurgery weights before commencement of experiments.
Immunohistochemistry. For all immunohistochemical experiments, rats were rapidly anesthetized with isoflurane anesthetic (Vedco, St. Joseph, MO) and then perfused intracardially with 0.1 M PBS followed by 4% paraformaldehyde (Electron Microscopy Sciences, Hatfield, PA) in 0.1 M phosphate buffer (pH 7.4). Immediately after perfusion, brains were collected, postfixed in the same fixative for 2 h, and cryoprotected in 0.1 M phosphate buffer containing 25% sucrose overnight at 4°C. Thirty-micrometer coronal cryostat sections of the hindbrain were collected for immunostaining. For detection of phosphorylated ERK1/2, hindbrain sections were incubated for 36 h at room temperature in mouse anti-pERK1/2 antisera (1:300, Thr-202/ Thr-204 phospho-ERK1/2; Cell Signaling Technology, Beverly, MA). Then the sections were washed and incubated in Alexa Fluor 488-conjugated goat anti-mouse (1:600; Invitrogen, Carlsbad, CA). For detection of phosphorylated synapsin I, sections were incubated in rabbit anti-phospho-synapsin I (1:500, phospho-Ser-9; Abcam, Cambridge, MA) with subsequent incubation in Alexa Fluor 555-conjugated goat anti-rabbit (1:600, Invitrogen). Stained sections were mounted on slides and cover-slipped with ProLong Gold (Invitrogen) prior to microscope examination.
Quantification procedures. For each animal, the number of pERK1/ 2-immunoreactive cell bodies was counted manually in four hindbrain sections corresponding to 14.1 mm, 13.8 mm, 13.6 mm, and 13.3 mm caudal to bregma, according to the stereotaxic atlas of Paxinos and Watson (42) . Phosphorylated-ERK1/2-immunoreactive cell bodies in the NTS and DMV were counted on both sides of the hindbrain in each section, and the numbers of pERK1/2-immunoreactive cells are presented as averages for each brain area across all four rostrocaudal levels. Phosphorylated synapsin I (pSyn) immunoreactivity was quantified according to our previously published protocol (12) . Briefly, mean fluorescence intensity was sampled from the NTS and DMV from both sides of the hindbrain in each of the four rostrocaudal hindbrain levels that were used to quantify pERK1/2 immunoreactivity. These values were normalized to the background fluorescence intensity, which was sampled from the gracile nucleus. The data are presented as the average fluorescence intensity for each brain area across the four rostrocaudal levels listed above. The fluorescence intensity was calculated by applying the following formula: pSyn Fluorescence Intensity ϭ (100 ϫ pSyn Intensity/Background Intensity) Ϫ 100.
Effect of hindbrain NMDAR antagonist administration on MTIIinduced reduction of food intake and body weight.
To examine the effect of hindbrain NMDAR antagonism on MTII-induced reduction of food intake, a total of 12 rats were cannulated with fourth ventricle cannulas as described above. All rats significantly reduced food intake following MTII injection and, therefore, all rats were considered to have patent fourth ventricle cannulas and were included in behavioral analysis. In a crossover, counterbalanced experimental design, overnight-fasted rats (16 h) received a fourth ventricle injection of saline (0.9% NaCl), MTII (50 pmol; Phoenix Pharmaceuticals, Burlingame, CA), D-4-[(2E)-3-phosphono-2-propenyl]-2-piperazinecarboxylic acid (D-CPP-ene; 40 ng; Tocris, Ellisville, MO), or a cocktail containing D-CPP-ene and MTII in the above amounts. The selection of D-CPP-ene was based on our prior experience with the antagonist and its effectiveness in being able to block CCK-induced reduction of food intake when injected into the fourth ventricle or NTS (14, 61) . In addition, functional electrophysiological experiments indicate that D-CPP-ene effectively blocks NMDAR-dependent contributions in vagus-to-NTS neurotransmission (63) . Injection volumes of 3 l were injected over a 2-min period using a Hamilton syringe (Reno, NV). Immediately after injection, rats were given access to a preweighed amount of pelleted rodent diet, and intake less spillage was recorded at 30 min, 60 min, 120 min, 240 min, 4 h, and 24 h after injection. At least 5 days elapsed between experiments, and every rat received each treatment condition twice. Data from the two repetitions of each treatment were averaged for presentation and analysis. Hence, each animal received a total of eight fourth ventricle injections.
Sixteen rats implanted with 26-gauge guide cannulas aimed for the medial NTS were used to assess the participation of NTS NMDAR activation in MTII-induced reduction of food intake. In a crossover, counterbalanced experimental design similar to the one described above, overnight-fasted rats (16 h) received a 200-nl NTS injection of saline, MTII (50 pmol), D-CPP-ene (20 ng), or a solution containing D-CPP-ene and MTII. Immediately after injection, the rats were given access to a preweighed pelleted rodent diet, and intake less spillage was recorded at 30 min, 60 min, 120 min, 240 min, 4 h, and 24 h after injection. Body weights were measured before injections and at the end of the experiment, 24 h after injection. As above, experiments were conducted at least 5 days apart. Each treatment condition was conducted once, a total of four injections per animal. After all behavioral experiments were completed, rats were euthanized, and hindbrain tissue was collected for histological verification of cannula placement. Three rats were excluded from behavioral and body weight analyses because their cannula tips were located outside the dorsal vagal complex. MTII injection did not reduce food intake or body weight in these rats, and injection of D-CPPene alone also was without effect (data not shown).
MTII-induced ERK1/2 phosphorylation time course.
A total of 28 rats with fourth ventricle cannulas were used to establish a time course for MTII-induced ERK1/2 phosphorylation in the hindbrain. Prior to the start of experimentation, all rats with fourth ventricle cannulas were screened for cannula placement and patency, as previously described (46) . Briefly, we injected 90 g/3 l of 5-thio-D-glucose into the fourth ventricle. Blood was collected for measurement of plasma glucose prior to injection and 60 min postinjection. Rats that exhibited an increase of blood glucose of at least 50 mg·100 ml Ϫ1 ·60 min Ϫ1 postinjection were considered to have properly placed, patent 4th ventricle cannulas. Overnight-fasted rats received a fourth ventricle injection (3 l) of saline or MTII (50 pmol). Saline-injected rats (n ϭ 4) were perfused 15 min after injection. The remaining rats received a fourth ventricle injection of MTII and were perfused 5 min (n ϭ 4), 15 min (n ϭ 4), 30 min (n ϭ 4), 45 min (n ϭ 4), 60 min (n ϭ 4), and 90 min (n ϭ 4) after injection. Hindbrains were harvested for immunohistochemical analysis of pERK1/2 immunoreactivity.
Effect of hindbrain NMDAR antagonist injection on MTII-induced ERK1/2 phosphorylation.
After an overnight fast, a total of 16 rats received one of the following 3-l fourth ventricle injections: 0.9% NaCl (n ϭ 4), MTII (50 pmol; n ϭ 4), D-CPP-ene (40 ng; n ϭ 4), or a solution containing D-CPP-ene and MTII in the above amounts (n ϭ 4). Rats were euthanized and perfused 30 min after injection, and the brains were collected for quantification of pERK1/2-immunoreactive cell bodies in the NTS and DMV.
Effect of NMDAR antagonist on MTII-induced synapsin I phosphorylation. A group of rats (total n ϭ 16) with fourth ventricle cannulas were used to assess the effect of D-CPP-ene on MTIIinduced synapsin I phosphorylation. Overnight-fasted rats received one of the following fourth ventricle injections: saline (n ϭ 4), MTII (50 pmol; n ϭ 4), D-CPP-ene (40 ng; n ϭ 4), or a cocktail containing D-CPP-ene and MTII (n ϭ 4). Thirty minutes after fourth ventricle injection, rats were euthanized, and hindbrains were collected for analysis of pSyn immunoreactivity.
Effect of unilateral nodose ganglion removal on MTII-induced ERK1/2 phosphorylation. A group of rats (total n ϭ 8) with unilateral nodose ganglion removal and fourth ventricle cannulas were used to assess MTII-induced ERK1/2 phosphorylation. Overnight-fasted rats received a fourth ventricle injection of saline (n ϭ 4) or MTII (50 pmol; n ϭ 4) and were perfused 30 min after injection. Subsequently, brains were removed and hindbrain sections were prepared for comparison of MTII-induced pERK1/2 immunoreactivity in the NTS and DMV contralateral or ipsilateral to nodose ganglion removal. Sections were also stained for isolectin B4, which binds to central vagal afferent C-type fibers (35) . Destruction of central vagal afferent endings was verified by the lack of isolectin B4 binding in the hindbrain ipsilateral to nodose ganglion removal.
Statistical analyses. Appropriate one-and two-way repeated-measures ANOVAs were used to analyze data, followed by Holm-Sidac post hoc analysis. For analysis of behavioral data, the repeated factor was the treatment condition. The confidence limit for statistical significance was set at P Ͻ 0.05. However, wherever actual confidence limits were substantially less than 0.05, those P values are provided. Results are presented as means Ϯ SE.
RESULTS
Attenuation of MTII-induced reduction of food intake by
hindbrain NMDAR antagonism. Consistent with prior reports (11, 26, 52, 60) , injection of MTII into the fourth ventricle (50 pmol/3 l) significantly reduced food intake relative to saline control injection, beginning 30 min postinjection, with reduced intake being sustained for 24 h post-MTII. Coinjection of D-CPP-ene (40 ng/3 l) with MTII significantly attenuated MTII-induced reduction of food intake 30 min (P Ͻ 0.001), 60 min (P Ͻ 0.001), 120 min (P Ͻ 0.001), and 240 min (P Ͻ 0.01) after injection (Fig. 1A) . However, fourth ventricle D-CPP-ene coinjection did not significantly attenuate reduction of food intake between 4 h and 24 h after MTII injection. As observed with fourth ventricular injection, MTII injection directly into the NTS (50 pmol/200 nl) significantly reduced cumulative food intake at 30 (P Ͻ 0.05), 60 (P Ͻ 0.01), 120 (P Ͻ 0.05), 240 min (P Ͻ 0.01), and 24 h post-MTII (P Ͻ 0.001). Furthermore, coinjection of D-CPP-ene (20 ng/200 nl) with MTII directly into the NTS significantly attenuated MTII-induced reduction of food intake at all time points, including 24 h after injection (Fig. 1B) . NTS injection of MTII also significantly reduced body weight gain over 24 h after refeeding (P Ͻ 0.01), an effect that was significantly attenuated when MTII was coinjected with D-CPP-ene (P Ͻ 0.05) (Fig. 2) .
Attenuation of MTII-induced hindbrain ERK1/2 phosphorylation by NMDAR antagonist. Compared with saline injection, fourth ventricle injection of MTII (50 pmol) significantly increased ERK1/2 phosphorylation in the NTS as early as 5 min (P Ͻ 0.01) after injection and by 30 min postinjection in the DMV (P Ͻ 0.05) (Fig. 3) . Phosphorylated ERK1/2 (pERK1/2) remained significantly elevated (P Ͻ 0.01) for 60 min following MTII injection but was not different from saline-injected controls by 90 min after injection. Unlike ERK1/2 phosphorylation following systemic CCK administration (14) , MTII-induced ERK1/2 phosphorylation was confined to NTS and DMV neurons and was not detectable in the neuropil. Consistent with NMDAR antagonist's attenuation of MTII-induced reduction of food intake, coinjection of D-CPPene with MTII abolished MTII-induced ERK1/2 phosphorylation in the NTS and DMV (Fig. 4) .
MTII-induced synapsin I phosphorylation requires hindbrain NMDAR activation. We previously demonstrated that MTII-induced, PKA-mediated synapsin phosphorylation is localized to vagal afferent endings, peaks by 30 min post-MTII, and persists for 6 h after MTII injection (11) . Fourth ventricle injection of MTII significantly increased synapsin phosphorylation at the PKA-phosphorylated Ser-9 residue in the hindbrain (Fig. 5) , and a significant treatment effect on hindbrain synapsin I phosphorylation [F(3,12) ϭ 16.6, P Ͻ 0.001] was observed when D-CPP-ene or saline was injected with MTII. As predicted, fourth ventricle injection of the NMDAR antagonist, D-CPP-ene (40 ng/3 l), prevented MTII-induced synapsin I phosphorylation in the NTS and DMV and also significantly reduced the level of immunoreactivity for phosphorylated synapsin in NaCl-injected control rats.
Effects of destruction of central vagal afferent endings on MTII-induced ERK1/2 phosphorylation in the NTS.
MTIIinduced reduction of food intake and NTS synapsin phosphorylation is significantly attenuated by destruction of vagal afferent endings (11) . Therefore, we postulated that MTII-induced activation of vagal afferent endings, with associated synapsin phosphorylation, might contribute to postsynaptic hindbrain ERK1/2 phosphorylation. Compared with saline injection, we found that MTII significantly increased ERK1/2 phosphorylation in the NTS (P Ͻ 0.01) and DMV (P Ͻ 0.01) contralateral to nodose ganglion removal (Fig. 6) . Fourth ventricle MTII injection also significantly increased ERK1/2 phosphorylation in the ipsilateral NTS (P Ͻ 0.05), where vagal afferent endings were destroyed. However, we found that unilateral nodose ganglionectomy completely abolished MTIIinduced ERK1/2 phosphorylation in the DMV ipsilateral to nodose ganglion removal, suggesting that MTII-induced activation of vagal afferent endings is necessary for induction of DMV ERK1/2 phosphorylation. 
DISCUSSION
We found that fourth ventricle or NTS injection of DCPPene, a competitive NMDAR antagonist significantly attenuated reduction of food intake by hindbrain MTII injection, indicating that NMDAR activation contributes to reduction of food intake by hindbrain MC4R activation. Interestingly, although both fourth ventricle and NTS NMDAR antagonist injections attenuated MTII-induced reduction of food intake during the first 4 h postinjection, only NTS injection attenuated reduction of food intake beyond 4 h. An explanation for this difference between fourth ventricle and NTS antagonist effects, currently, is not clear. However, because MC4R transcript is expressed in brain areas outside of the DVC (34, 36, 40) , it is conceivable that our 3-l fourth ventricle injections of MTII reached sites that participate in reduction of food intake independent of NMDAR activation. Nevertheless, our results are consistent with the hypothesis that DVC NMDAR activation plays an important role in reduction of food intake in response to DVC MC4R activation.
The cellular location of NMDAR that participate in the reduction of food intake by MTII remains uncertain. NMDAR subunit immunoreactivity and mRNA are expressed by NTS and DMV neurons (5, 10, 31, 59 ). In addition, NMDAR subunit immunoreactivity and mRNA also occur in nodose ganglion neurons (18, 47) , and NMDAR subunit immunoreactivity has been localized ultrastructurally to vagal afferent endings in the NTS (1). Electrophysiological results also indicate that activation of presynaptic NMDAR increases glutamate release from vagal afferent endings in the DVC (3), while a recent report reveals that postsynaptic NMDAR on NTS neurons are critical for fidelity of transmission from vagal afferents to NTS neurons (63) . Therefore, it is conceivable that NMDARs, expressed both by vagal afferents and NTS neurons, participate in the reduction of food intake by MTII.
NTS injection of MTII also was associated with reduced 24-h weight gain, and this effect was attenuated by NMDAR antagonism. We think this effect on body weight is largely accounted for by D-CPP-ene's attenuation of MTII-induced reduction of food intake. Nevertheless, we cannot exclude participation of NMDAR in reduction of body weight due to an MTII-induced increase in energy expenditure. MTII injection directly into the NTS is reported to increase energy expenditure (50) , which may contribute to MTII-induced reduction of body weight. Interestingly, lipid infusion into the duodenum increases brown adipose tissue temperature, a process that requires peripheral CCKA receptor activation and NTS NMDAR activation (9) . Given that NTS MC4R activation contributes to CCK-induced reduction of food intake (22, 52) , it is conceivable that MTII activates a similar population of NTS neurons that may require NMDAR activation to increase energy expenditure.
Similar to NMDAR expression in the DVC, MC4R mRNA, but not MC3R mRNA, is expressed by some NTS and DMV neurons (34, 36) , and is also expressed by ϳ30% of vagal afferents in the nodose ganglia (24, 57) . In fact, patch-clamp recordings from NTS neurons indicate that increased glutamate release from vagal afferent endings accounts for most MTIIevoked excitation of NTS neurons, suggesting a presynaptic mechanism of the MC3/4R agonist (57) . Additionally, our recently reported results indicate that MTII-induced reduction of food intake requires the presence of central vagal afferent endings (11) . While MTII may, indeed, have direct effects on NTS and DMV neurons, observations from our laboratory and others support the hypothesis that MTII-induced reduction of food intake is predominantly mediated via presynaptic MC4R activation of vagal afferent terminals. Consistent with a presynaptic MTII action, we recently reported that hindbrain MTII injection increases PKA-catalyzed phosphorylation of the Ser-9 residue of synapsin I in vagal afferent endings (11) .
The MC4R is a G ␣s receptor linked to the cAMP/PKA signaling cascade (23), and we have shown that reduction of food intake by hindbrain MTII is attenuated in the presence of a PKA inhibitor (11) . Moreover, phosphorylation of the PKAspecific site (Ser-9) on synapsin I is a major mechanism by which presynaptic PKA activation increases synaptic vesicle trafficking and neurotransmitter release (39) . Thus, phosphorylation of synapsin I and increased glutamate release from vagal afferent endings is a putative mechanism for MTIIinduced reduction of food intake. Because NMDAR blockade attenuates MTII-induced reduction of food intake, and MTII reduces food intake via presynaptic MC4R activation, we hypothesized that MTII-induced NTS synapsin phosphorylation requires NMDAR activation. Indeed, we found that hindbrain administration of an NMDAR antagonist blocks MTIIinduced synapsin phosphorylation. Interestingly, in our previous report, we also observed that synapsin phosphorylation was decreased following overnight food deprivation (11), but increased with refeeding. In the current study, NMDAR antagonism reduced the immunoreactivity for phosphorylated synapsin in NaCl control rats, as well as reversing the increase in synapsin phosphorylation following MTII. This result may indicate that NMDARs participate in maintaining a basal level of PKA-mediated synapsin phosphorylation, which is enhanced by MC4R activation. Our results suggest that NMDAR-dependent synapsin phosphorylation in vagal afferent endings is a mechanism by which NMDAR activation participates in MTII-induced reduction of food intake and that NMDAR may participate in setting a basal level of synapsin phosphorylation in response to endogenous signals as well.
Activation of the ERK1/2 signaling cascade in the NTS has been proposed as a mechanism by which the hindbrain integrates melanocortin signaling and gastrointestinal satiation signals (7). This hypothesis is based on the observations that both CCK and MTII increase NTS ERK1/2 phosphorylation, and inhibition of hindbrain ERK1/2 phosphorylation attenuates CCK and MTII-induced reduction of food intake (52, 53) . However, the mechanisms by which hindbrain ERK1/2 phosphorylation contributes to reduction of food intake may differ for CCK and MTII. We observed that CCK increased ERK1/2 phosphorylation in vagal afferent endings in the NTS (14) . Moreover, we found that pERK1/2-catalyzed phosphorylation of synapsin 1 at Ser-62 and Ser-67 and that the level of pERK1/2-catalyzed synapsin phosphorylation was correlated with CCK-induced reduction of food intake (12) . Unlike CCK, we found MTII did not increase ERK1/2 phosphorylation in vagal afferent endings. Rather, our immunohistochemical results indicate that fourth ventricle MTII rapidly increases ERK1/2 phosphorylation in postsynaptic NTS and DMV neurons. Moreover, we found that NMDAR antagonism attenuated MTII-induced ERK1/2 phosphorylation in both NTS and DMV neurons, indicating that NMDAR activation is upstream of MTII-induced ERK1/2 phosphorylation. We conclude that NMDAR activation is necessary for MTII-induced ERK1/2 phosphorylation and that participation of ERK1/2 phosphorylation in MTII-induced reduction of food intake is limited to postsynaptic mechanisms.
In addition to increasing ERK1/2 phosphorylation in the NTS, we found that fourth ventricle MTII injection increased ERK1/2 phosphorylation in the DMV. This effect was surprising because the direct effect of MTII on DMV neurons report- edly is inhibitory (44, 51) . We found that MTII-induced ERK1/2 phosphorylation in the DMV was attenuated by an NMDAR antagonist, indicating that DMV ERK1/2 phosphorylation requires NMDAR activation. Thus, the effect of MTII on DMV ERK1/2 phosphorylation may be due to indirect activation of DMV neurons following MTII-induced glutamate release from presynaptic endings on DMV neurons. Consistent with this hypothesis, we found that unilateral nodose ganglion removal, and destruction of vagal afferent endings in the ipsilateral hindbrain, abolished MTII-induced ERK1/2 phosphorylation in the DMV ipsilateral, but not contralateral, to nodose ganglion removal. Therefore, our results suggest that MTII-induced increase of pERK1/2 in DMV neurons depends on vagal afferent glutamate release. From these data, one might be tempted to postulate a role for vagal efferents in the reduction of food intake by MTII. While NTS injection of MC4R agonists has been shown to modulate gastric activity (44) , vagal efferents are not likely to play a role in MTIIinduced reduction of food intake. Williams et al. (60) clearly demonstrated that vagotomy, which results in degeneration of peripheral endings of vagal efferents, does not attenuate reduction of food intake by fourth ventricle MTII. In contrast to the DMV, unilateral nodose ganglion removal did not eliminate MTII-induced ERK1/2 phosphorylation in the ipsilateral NTS. This result suggests that at least part of MTII's effect on NTS neurons is independent of presynaptic vagal afferent activation (57) .
The fact that NMDAR activation is necessary for MTIIinduced reduction of food intake, as well as NTS neuronal ERK1/2 phosphorylation and synapsin phosphorylation in vagal afferent endings, suggests that glutamate from a currently unknown source is necessary for reduction of food intake by MTII. Of note, a subpopulation of POMC neurons releases glutamate (21) , which may contribute to the reduction of food intake in the presence of endogenous or exogenous MC4R agonists. Glutamate released by astroglia (37) might also be sufficient to activate NTS neuronal NMDAR. Rogers and colleagues (29, 38) have demonstrated that NTS glia are activated by a variety of stimuli, including vagal afferent activation. Further investigation is needed to identify the sources of glutamate needed for MTII to increase NTS ERK1/2 phosphorylation and synapsin phosphorylation.
The cellular mechanisms by which MC4R activation and NMDAR activation interact in the reduction of food intake remains to be elucidated. Although modulation of NMDAR function by G protein-coupled receptors is well described (for review, see Ref. 62) , interactions between MC4R and NMDAR have not yet been investigated. Nevertheless, NMDAR interaction with other G ␣s receptors has been described. For example, activation of D 1 dopamine receptors, VIP and PACAP receptors, can enhance calcium flux through NMDAR in a PKA-dependent manner (56, 58) , and this interaction could contribute to ERK1/2 phosphorylation. Presynaptically, several reports indicate that phosphorylation of synapsin I at Ser-9 not only depends on PKA activation, but also requires participation of calcium-activated kinases (17, 39) . Our results suggest that NMDAR activation may contribute to calcium influx needed for MC4R activation to increase synapsin I phosphorylation in vagal afferent terminals.
Experiments in this study were carried out using D-CPP-ene, a competitive NMDAR antagonist with high affinity for NR2A/B subunits (30) . Our use of D-CPP-ene was based on our prior experience with the antagonist and its effectiveness in blocking CCK-induced reduction of food intake when injected into the fourth ventricle or NTS (13, 61) . In addition, functional electrophysiological experiments indicate that D-CPPene effectively blocks NMDAR participation in vagus-to-NTS synaptic transmission (63) . Although NTS and vagal afferent neurons have been found to express all known NR2 subunits (4, 18, 28) , NR2B immunoreactivity is present in nearly all vagal afferent neurons that innervate the gut (19) . Furthermore, Berthoud et al. (6) reported that a majority of NTS neurons that are activated by gastrointestinal stimuli are also NR2A/Bimmunoreactive. Of note, NR2A/B subunits significantly con- Fig. 7 . Postulated interaction of NTS presynaptic and postsynaptic NMDA receptors in intracellular signaling and control of food intake by hindbrain MC4 receptors. PKA-catalyzed phosphorylation of synapsin I in vagal afferent endings is downstream of both NMDAR and MC4R activation. Synapsin 1 phosphorylation increases the readily releasable pool of glutamatergic synaptic vesicles and is expected to result in increased vagal afferent synaptic strength and reduction of food intake. Activation of postsynaptic NMDAR and MC4R on NTS neurons is upstream of phosphorylation of ERK1/2 via PKA. ERK phosphorylation may result in additional protein phosphorylations and transcriptional changes in NTS neurons. Note that although activation of central vagal afferent endings contributes to reduction of food intake by MC4R activation (11) , results reported here indicate that activation of vagal afferent endings is not required for activation of the ERK signaling cascade in NTS neurons in response to MC4R agonist application. In contrast, ERK phosphorylation in DMV neurons, following MC4R agonist application, depends upon the presence of intact vagal afferent endings.
tribute to PKA-mediated increase in NMDAR calcium permeability and LTP induction (49) . Given that NTS MC4R activation reduces food intake via PKA-dependent pathways (11, 52) and that D-CPP-ene significantly attenuates MTII-induced reduction of food intake, our results are consistent with the hypothesis that NTS MC4R activation reduces food intake via PKA-dependent interaction with NR2A/B-containing NMDARs. Nevertheless, at the antagonist doses that we used, it is not possible to attribute these actions to selective antagonism of glutamate binding at a specific NR2 subunit.
Perspectives and Significance
Our findings are consistent with NMDAR participation in control of food intake by modulation of vagal afferent neurotransmission, as outlined in Fig. 7 . NTS NMDAR activation plays a critical role in reduction of food intake following hindbrain MC4R activation. NTS NMDAR activation modulates both MC4R-mediated NTS neuronal ERK1/2 phosphorylation and increased Ser-9 synapsin I phosphorylation in vagal afferent endings. Both ERK1/2 phosphorylation and synapsin phosphorylation comprise cellular mechanisms through which NMDAR signaling may contribute to vagal afferent/NTS synaptic function and, thereby, participate in the control of food intake. Hence, our current results reinforce the pivotal role played by hindbrain NMDAR in control of food intake by signals arising from within the brain, as well as by signals arising from the gastrointestinal tract.
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